Context: Congenital hyperinsulinism (HI) is a common cause of hypoglycemia in infancy. The medical treatment of diazoxide-unresponsive HI is based on a somatostatin analogue. Objective: This study aims at replacing three daily s.c. octreotide (Sandostatin, Novartis) injections by a single and monthly i.m. injection of long-acting release (LAR) octreotide (Sandostatin LP, Novartis) in HI patients. Subjects and method: LAR octreotide was injected every 4 weeks during 6 months and s.c. octreotide injections were stopped after the third injection of LAR octreotide. After this 6-month study, LAR octreotide was continued, with an average follow-up of 17 months. Ten HI pediatric patients unresponsive to diazoxide and currently treated with s.c. octreotide were included in the trial. Glycemias and other parameters (HbA1c, IGF1, height, weight, quality of life (QoL), and satisfaction) were monitored at each monthly visit. Results: For all ten patients, glycemias were maintained in the usual range, HbAlc (mean 5.5%; 95% CI: 4.6-6.2) and IGF1 (mean 89.7 ng/ml; 95% CI: 26-153) were unchanged. Patients gained height significantly (mean 2.7 cm; 95% CI: 1.9-3.4) and no side effect was noted during the study and the later follow-up. Plasma octreotide levels were stable under LAR octreotide. Parents' questionnaires of general satisfaction were highly positive whereas children's QoL evaluation remained unchanged. Conclusion: In these diazoxide-unresponsive HI patients, LAR octreotide was efficient, well tolerated and contributed to a clear simplification of the medical care.
Introduction
Congenital hyperinsulinism (HI; MIM #256450) is characterized by an inappropriate secretion of insulin from pancreatic b-cells. It is the most frequent cause of persistent hypoglycemia in early infancy with an estimated incidence of 1/50 000 births in most populations, but even higher in populations with high rates of inbreeding. Hyperinsulinemic hypoglycemia causes specific brain damage (1) and has a poor neurological outcome in the absence of adequate treatment (2) .
The diagnosis of HI is based on recurrent non-ketotic hypoglycemia (glycemia !3 mmol/l) associated with concomitant inappropriate plasma insulin concentration. When HI is diagnosed, a specific treatment with oral diazoxide is tried for 5 days (3, 4) . Diazoxide acts as an agonist of a K ATP channel harbored on the b-cell plasma membrane. However, in neonates, most severe HIs are caused by mutations in the genes encoding the subunits of this K ATP channel (ABCC8 and KCNJ11 genes) (5) , which bestow a diazoxideunresponsive profile to most patients (6) . In case of diffuse HI, where all b-cells are involved throughout the pancreas, long-term and intensive medical treatment is the only alternative to the near-total pancreatectomy, which leads to recurrent post-operative hypoglycemias in 60% of patients and then insulin-dependent diabetes within a few years in all patients (7, 8) . Thus, the challenge for diazoxide-unresponsive diffuse HI is to find an efficient and well-tolerated long-term medical treatment, especially as progressive b-cells apoptosis may be responsible for spontaneous remission (9) (10) (11) (12) .
Octreotide, when effective, is considered the only alternative with diet to a near-total pancreatectomy (13) , but it must be administered s.c. three to four times a day, or continuously with a s.c. pump (3, 14, 15) .
An efficacy tolerance trial with the long-acting release (LAR) octreotide (Sandostatin LP, Novartis) was performed in ten diazoxide-unresponsive HI patients, currently treated with s.c. octreotide.
Research design and methods
This clinical trial was promoted by Assistance PubliqueHôpitaux de Paris (AP-HP), approved by the Institutional Ethics Committee (CPP-Ile de France 2) and registered at the National Health Authority (AFSSAPS) and at the International Protocol Registration System (ClinicalTrials.gov, NCT00987168). In accordance with the Declaration of Helsinki, written informed consent was obtained from parents and patients.
Ten diazoxide-unresponsive HI patients (four boys, six girls), with glycemia constantly O3 mmol/l during the inclusion visit and treated with s.c. octreotide (three daily s.c. injections or continuous administration using a s.c. pump) were included in this trial. The average age at inclusion was 4.7 years old (from 1.3 to 8.5 years). Patients with gallbladder stones were excluded from the study as well as patients unresponsive to s.c. octreotide. The patients' description (age, genetics, and treatment) is summarized in Table 1 .
The genetic analysis, performed in probands on genomic DNA extract from peripheral lymphocytes, included: i) sequencing of the coding sequence and exon/intron boundaries of KCNJ11, ABCC8, and GCK genes and of the ABCC8 promoter region; and ii) a multiplex ligation-dependant probe assay to screen for ABCC8 genomic rearrangement (5). Three patients had one mutation in the ABCC8 gene (two inherited from their father and one de novo mutation) and exhibited a diffuse pattern at positron emmission tomography (PET) scan, suggesting the recently described dominant ABCC8 diazoxide-unresponsive HI (16) . Two patients harbored two ABCC8 mutations; in five patients, no mutation nor deletion was found in ABCC8, KCNJ1, and GCK genes, and one patient had Kabuki syndrome (see Table 1 ). These results illustrate the genetic heterogeneity of diazoxide-unresponsive HI. During the 3 months prior to inclusion in this trial, s.c. octreotide had to be titrated up in nine patients because of moderate recurrent hypoglycemia during routine follow-up evaluations. Glycemia normalized with higher doses of s.c. octreotide, showing that this treatment was both efficient and necessary in these patients. In all ten patients, after titration, the current dose of s.c. octreotide ranged from 32 to 60 mg/kg per day (3) and no hypoglycemia was notified within the 48 h assessment of the inclusion visit.
The patients participated in this trial for 6 months and then LAR octreotide was continued with an actual follow-up of a maximum of 2 years. Patients were hospitalized every 4 weeks for 48-72 h in the Metabolism Unit of Necker-Enfants Malades Hospital for a total of seven visits on site (V1 to V7). I.m. injection of LAR octreotide (Sandostatin LP, Novartis) was administered on the second day of each hospitalization. The i.m. dose injected to each patient was equal to the cumulative dose over 31 days of their usual s.c. octreotide (Sandostatin, Novartis).
The substitution from s.c. to LAR octreotide was performed as follows: at visit 1 (V1), during the first Table 1 Clinical characteristics and genetics of our ten patients. The sequencing of the coding sequence and exon/intron boundaries of KCNJ11, ABCC8, and GCK genes and the ABCC8 promoter region was performed in probands on genomic DNA extract from peripheral lymphocytes, as well as a search for ABCC8 genomic rearrangement by multiplex ligation-dependant probe assay. Table 1 , see section on supplementary data given at the end of this article). Pain induced by the injections of octreotide was evaluated during the trial by questionnaires, during V1 to evaluate the s.c. injections, and during V7 to evaluate the i.m. injection.
During each visit, the following were measured: i) glycemia before and after four meals, at midnight, and at 0400 h; ii) HbAlc; iii) ALAT/ASAT, b-glutamyl transpeptidase, and alkaline phosphatase; and iv) blood count. As octreotide may inhibit GH, height and insulin-like growth factor 1 (IGF1) were monitored at each visit. Patients were screened for gallbladder stones by abdominal ultrasonography during V1 and the V7.
Octreotide profile analysis
Plasma octreotide levels before each i.m. injection of LAR octreotide were determined by RIA based on the competition between 125 I-octreotide and octreotide for a fixed number of antibody-binding sites. Standards, quality controls, and samples were incubated using 125 I-octreotide tracer and anti-serum. After a charcoal separation, the bound radioactivity was determined in a gamma counter. The limit of quantification for this assay was 50 pg/ml (Atlanbio, unpublished data). Blood was sampled just before an i.m. injection, so under a treatment with s.c. octreotide alone at V1, then under a treatment with both s.c. and LAR octreotide at V2 and V3, and finally under LAR octreotide alone for visits V4 to V7.
Quality of life
During V1 and V7, quality of life (QoL, physical and psychological domains) was evaluated using a QoL questionnaire. Children from 3 to 11 years old completed an AUQUEI picture questionnaire under the supervision of a psychologist (17) . Parents also reported their children's QoL using the QUALIN questionnaires at V1 and V7 (18) , as well as a questionnaire of their general satisfaction at the end of the trial (V7).
Statistical analysis
The continuously distributed variables were analyzed using a linear random-mixed model for repeated measurements, assuming a Gaussian error and an identity link function. Analyses were carried out either by considering each visit at a different time or by grouping the visits according to the treatment exposure: s.c., s.c.CLAR, or LAR. Either the times of the visits or the treatment exposure was considered as a fixed factor, whereas the individual intercept was considered as random. In each analysis, V1 or the s.c. treatment was considered as the reference (intercept).
Hypoglycemic episodes were categorized according to different glycemic levels: !3.0, !2.5, and !2.0 mmol/l. Two methods were used to compare their occurrences between the different treatment period exposures: i) the first method used a naïve nonparametric Fisher comparison test of the total number of detected episodes in relation to the total number of glycemic determinations within the corresponding period; and ii) the second method used a generalized linear random-mixed model assuming a binomial family with a logic link function, in order to take into account a possible individual's random effect, inducing a correlation between their blood concentrations.
The standard error, P value, and 95% confidence intervals for the basal mean level estimate at V1 and the respective differential effects at the following visits were calculated.
The items of the QoL questionnaires were analyzed separately as ordinal categorical variables, with repeated measurements at V1 and V7, using the nonparametric Friedman test. The blocking variable was the subject. Bonferroni correction for multiple testing was subsequently applied.
All the analyses were carried out with R (19), using packages lattice for graphics (Sarkar D (2010): Lattice; Lattice Graphics, R package version 0.18-8), MASS for continuous variables (function glmm PQL) (20) , and coin for categorical variables (function Friedman test) (21) .
Results
The occurrence of hypoglycemia during the 6-month treatment period with LAR octreotide is summarized in Table 2 . For all ten patients, blood glucose levels, determined before and after four meals, at midnight, and at 0400 h, for 48-72 h at every monthly visit, were maintained in the usual range, both before and after the interruption of s.c. octreotide during the study. Seven of the ten patients presented at least one hypoglycemia !3 mmol/l. However, hypoglycemia was rare and isolated (29/1182 glycemias), 26/29 hypoglycemias were minor (between 2.5 and 3 mmol/l), and only one severe at 1.9 mmol/l while the patient was perfectly asymptomatic (Table 2 ). Individual HbA1c levels were within the normal range during all the study visits ( Fig. 1) and stable whatever the treatment was (s.c. octreotide alone, s.c.CLAR, or LAR alone).
The mean weight and height of the patients showed a significant and normal increase between V1 and V7, and patients continued to grow steadily in height and weight along their growth curves. IGF1 was statistically unchanged throughout the study (Supplementary Table 1 ). Other clinical and biological parameters were also in the normal range during the trial and remained stable. Further analysis also indicated that these parameters were not significantly modified according to the treatment change, with s.c., s.c.CLAR, or LAR octreotide (Supplementary Table 2 , see section on supplementary data given at the end of this article). No gallbladder stones were detected in the abdominal ultrasonographies performed at V1 and V7.
Plasma octreotide levels were determined before each LAR octreotide injection (Fig. 2) . During V1 we observed huge variations in octreotidaemia, ranging from 2.4 to 25.8 ng/ml (12.6G10.7; meanGDS), because blood was sampled at a random time from the s.c. injection. At V4, octreotidaemia under treatment with LAR octreotide alone was stable with a mean octreotidemia of 4.5G1.3 ng/ml. The i.m. injection was well tolerated (Supplementary Table 1 ). Hematomas at the i.m. injection point were Table 2 Number of glycemias and hypoglycemias according to different thresholds (2 or 2.5 or 3 mmol/l) at each visit (from V1 to V7) for each patient (from S-01 to S-11). In each cell, from top to bottom: All, total number of glycemic determinations; !3.0, number of glycemia below 3.0 mmol/l; !2.5, number of glycemia below 2.5 mmol/l; !2.0, number of glycemia below 2.0 mmol/l. Table 3 , see section on supplementary data given at the end of this article). However, the parents' satisfaction questionnaire assessed at the end of the trial (V7) qualified this new treatment as 'excellent' in 100% of parents, because it significantly improved their QoL.
Subject
No side effects occurred during an average follow-up of 17 months.
Discussion
Somatostatin (SST) is secreted by d-cells in the pancreatic islets and by extra-islet neuroendocrine cells. SST inhibits both insulin and glucagon secretions. Octreotide is an octapeptide SST analogue, which has a high affinity for the SST receptors sstr 2 and sstr 5 . The subsequent downstream mechanisms leading to a decrease in the insulin secretion are numerous: activation of potassium channels at the b-cell membrane, inhibition of the intracellular mobilization of calcium, decrease in the insulin gene promoter activity, etc.
Because of its short half-life (100 min), octreotide is usually administered s.c. every 6-8 h. However, octreotide can also be administered continuously using a s.c. pump because some hypoglycemia can occur several hours after the s.c. injection, when the plasma level of octreotide drops under the efficacy threshold.
Two long-acting SST analogues were developed for the treatment of neuroendocrine tumors in adults: the LAR octreotide (22) and the lanreotide autogel. Both molecules are octapeptides but differ by their pharmacokinetic profiles. LAR octreotide is formulated as microspheres of biodegradable polymer containing the active peptides. After a single i.m. injection, the plasma octreotide concentrations remain very low during the first 2 weeks after the injection and then increase quickly to reach a plateau, which remains stable between days 14 and 42 (23) . This pharmacokinetic profile ensures a continuously stable plasma concentration of octreotide over at least 4 weeks.
Patients from this study were treated with higher doses of s.c. octreotide (ranging from 32 to 60 mg/kg per day) than other medical teams recommend (5-15 mg/kg per day) (24) . However, when HI children were shifted to LAR octreotide, the mean octreotidaemia (4.5 G1.3 ng/ml) was within the range of octreotidaemia measured in adults treated monthly with LAR octreotide 30 mg (25) .
The results of this study showed that in our ten patients, a monthly i.m. injection of LAR octreotide (Sandostatin LP, Novartis) was efficient in maintaining glycemia unchanged, without altering the normal weight-and-growth development of the children, but with a clear simplification of their medical care and the QoL of their families. Some isolated hypoglycemias were notified during the trial, but only three were below 2.5 mmol/l (three hypoglycemias over 1182 glycemias sampled). Our results may not apply to all diazoxideunresponsive HI. Indeed, our patients' average age was 4.7 years old; thus, the severity of their HI already improved compared with their neonatal period. Moreover, we do not recommend the use of LAR octreotide during the neonatal period because the dose of octreotide must be carefully titrated in neonates, several times a week, especially since a risk of nectrotizing enterocolitis may require the octreotide to be stopped abruptly (26) . During the first three visits (V1, V2, V3), patients cumulated the dose of s.c. and LAR octreotide, as 2 months are necessary for LAR octreotide to reach its plateau. This may have exposed the patients to an over dosage of octreotide during these 2 months. However, the clinical and biological parameters according to the treatment change were not significantly modified. Although octreotide is also the treatment of acromegaly in adults and overgrowth in children, there is no published report so far about slowing of growth velocity in HI patients under octreotide treatment. The 6-month period of this study is certainly insufficient to screen for growth velocity slowing; however, octreotide is used in HI for 20 years and no major long-term side effect was reported. Moreover, lanreotide acetate, another longacting SST analogue, was administered in two patients with a follow-up of 3 and 5 years, with no apparent side effects (27) , as well as in a third patient but the length of the follow-up was not precise (28) . Finally, no growth failure was observed in our patients after this study, nor after 12-25 months of treatment. SST analogues were also suspected to delay puberty in treated rhesus monkeys (29) , but this was not reported in humans. The long-term follow-up of more patients must also include pubertal evaluation.
During our study, no severe side effects were reported. Hematoma at the site of injection was noted on three occasions (3/70 i.m.). None of the patients shifted to LAR octreotide presented abdominal pain, nausea, diarrhea, or steatorrhea. None developed gallbladder stones. Fear and pain seem more intense during i.m. injection compared with s.c. injection; however, it does not meet statistical significance and one single monthly i.m. injection replaced 84 s.c. injections over 28 days. A long-term careful follow-up is necessary to assess longterm effects of LAR octreotide, especially on growth and puberty.
Surprisingly, not the children but their parents reported a clear improvement of their QoL. It may be due to the lack of specificity of the children's questionnaires and the small number of patients enrolled in the study. All parents declared many improvements in their daily life (no need to organize a daily injection at school, possibility to go for a journey without ice-packs to conserve s.c. octreotide etc.). All families were requested to continue with LAR octreotide after the end of this trial and are currently continuing the LAR monthly injection in their local hospitals. The painkiller treatment was subsequently lightened to xylocaine cream alone or with a systemic treatment (e.g. paracetamol and inhaled nitric oxide) in specific cases. We may have overestimated the pain induced by this large i.m. injection when we designed the study.
In conclusion, LAR octreotide contributes to an undeniable simplification of the medical care of diazoxide-unresponsive diffuse HI, as one monthly i.m. injection can replace three daily s.c. injections of octreotide. Moreover, the particular pharmacokinetic profile of LAR octreotide, with a plateau spanning at least 4 weeks, will give the possibility to decrease the dose administered or to space the injections to every 5 or 6 weeks.
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